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Results

Introduction
Since its discovery in 1928, the Diels-Alder reaction remains one of the most important and
extensively studied syntheses of organic compounds.1,2 However, only a few Diels-Alder
reactions are used in teaching labs. We searched for “Diels-Alder labs” using the Google
search engine to identify the diene/dienophile combinations that are typically used in
teaching labs and found experiments from 10 different colleges (Table 1)

Discussion

Table 2: Performance of 1 and 2 in different solvents

Table 1:Online survey of diene and dienophile used in second semester organic chemistry3-12

a Purity

based on product/p-benzoquinone integration ratio from H NMR of crude product
b Estimated. c A composited average of data from lab groups in CHEM 351 refluxing 1 and
2 in 1:1 H2O/EtOH.

A reaction that is of interest as an experiment for the organic teaching lab is of αphellandrene (1) and p-benzoquinone (2) to synthesize the tricyclic adduct 11-isopropyl-9methyltricyclo[6.2.2.02,7]dodeca-4,10-diene-3,6-dione (3)

Figure 1: Structure of adduct (3) C/H labeling for NMR

Table 3: Recrystallization data (1x)

(1)

Entry
8
9a
9b
10a

Mass(initial)
0.476
0.675
0.88
0.600

Mass(final)
0.234
0.325
0.48
0.293

% recovery
49.2
48.1
55
48.8

mp (°C)
117.5-118.3
112.1-115.0
112.0-114.7
117.0-117.8

Conclusions
Our results indicate the Diels-Alder reaction of α-phellandrene and p-benzoquinone run in
polar protic solvents such as alcohols and water is an amenable experiment to the organic
chemistry teaching lab. Impressively, the reflux of α-phellandrene and p-benzoquinone
carried out in water 25 min afforded a 54.4% yield making for a both very green and
efficient teaching lab. A decent yield can be achieved under ideal conditions: a reflux time
<30 min and the greenest of solvents, water. If higher yields are desired, the reaction can be
refluxed 60 min in the 1:1 H2O/EtOH mixture.

Diels and Alder performed this reaction in 1928 by refluxing 0.05 mol 1 and 2 in ethanol for
1.5 h. 13 To allow its use in a teaching lab we sought to find conditions that would afford
good yields (>50%) in <1 h.
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It has been observed that Diels-Alder reactions are radically accelerated in water compared
to other solvents by factors as great as 6800.14-18 These studies seem to all be in agreement
that hydrophobic aggregation of the diene and dienophile influences this acceleration to some
extent.14-18 Other factors exist however, such as hydrogen bond stabilization of the transition
state. 16 Therefore, we predicted that α-phellandrene and p-benzoquinone would show
similar enhancements in water. Moreover, using water and aqueous solvents is a green
alternative to organic solvents for teaching labs (Green chemistry principle #5).19 Hence, it is
of great advantage if Diels-Alder reactions could be ran in water with good yield.
The reaction of 1 and 2 has additional benefit as a teaching lab because the adduct 3 has been
used to synthesize 4, the monomer of 5, polymer used in organic luminescence devices.20,21A
procedure of this pathway was outlined in a recent patent by Endo and colleagues, who
prepared 3 by reacting 1 and 2 in water at room temperature 2 d while being stirred by
ultrasonic waver.20 The polymerizability of 3 makes its preparation in organic labs especially
valuable to colleges that offer both polymer and organic chemistry courses because its
polymerization could be performed as a subsequent polymer chemistry experiment. This
would economize products by using them as starting materials in subsequent experiments
(Green chemistry principle #2).22 In addition to our principal experiment of solvent
exploration, we aromatized the 3 (first step in Scheme 1).

Figure 4: 300 MHz COSY of 3 (Entry 9a)
Figure 2: 300 MHz 1H NMR of 3 in CDCl3 (entry 9b) δ 0.78 (d, 3H, J=6.6 Hz), 0.88 (d, 3H J=6.6
Hz), 0.972-1.13 (H14 m, 1H, H12, ddd, 1H), 1.39 (H11 tdd, 1H, J=9.2, 5.6, 1.7 Hz), 1.65 (H13 d, 3H,
J=1.7 Hz), 1.86 (H12’ ddd, 1H, J=12.9, 9.2, 2.6 Hz), 2.86 (H2 dd, 1H, J=9.3, 2.4 Hz), 2.92-2.96 (H7,8
m, 2H), 3.18 (H1 dt, 1H, J=6.6, 2.3 Hz), 5.67 (H10 d, 1H, J=6.1 Hz), 6.63 (H4,5 s, 2H). The H15 and
H16 doublets were unable to be experimentally differentiated.

Figure 3: 300 MHz 13C NMR of 3 in CDCl3 (Entry 10a).
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Figure 5: 300 MHz HMQC of 3 (Entry 10a)

Experimental details

Scheme 1: Pathway to monomer 4 and polymer 5.20

Ten different solvents were assessed. We observed the highest yield in the 1:1 H2O:EtOH,
affording a 76.2% crude yield in 1 h (Table 2). Water and methanol also work well,
affording 60.5% and 52.9% yields in 1h respectively. Yields observed in the nonpolar
solvents were relatively poor, with 29.0%, 1.8% and 12.7% yields observed in hexanes,
toluene and MTBE respectively. Moreover, crude products of the reactions in the polar
protic solvents were purer than those in the nonpolar solvents. We also refluxed the reaction
in water 25 min as well as the benchmark 60 min. Amazingly, we discovered that yield
quantity and purity was only slightly lower at the shorter time, another great benefit to the
teaching lab with acceptable yields possible in even less time. A reasonable explanation for
the rate enhancement in water is destabilization of the reactants relative to the transition
state.18
This reaction in 1:1 H2O/EtOH was recently used in the CHEM 351 organic chemistry lab
at WSU, resulting in average reported crude and twice recrystallized yields of 72% and
41% respectively. In addition to being an efficient and green experiment, it provides
students with an excellent opportunity to learn other important chemical concepts including
the interpretation of complex splitting patterns in the 1H NMR and the application of 2D
NMR techniques. Coupling constant predictions based on the Karplus relationship can also
be explored and applied to the question of deciding the peak assignments of the
diastereotopic #12 protons. The experimental product also gives a beautiful IR spectrum
that displays the expected functional groups as well as the effect of conjugation on
absorption frequency as well as an interesting mass spectrum. Finally, we note that if
natural (R)-(+)-phellandrene is used then the product is a single enantiomer, which could be
tested by measuring the optical rotation.

• Materials: Equimolar amounts of α-phellandrene (1) and p-benzoquinone (2) were reacted in different solvents. Solvents used were hexanes, toluene, MTBE, 2-propanol, 1-propanol, ethanol,
ethyl acetate, methanol, 1:1 ethanol:water and water
• Exploration of solvents: Reaction of 1 and 2 was carried out in round bottom flask with 3 PTFE boiling stones in the solvent, typically 60 min. Following reflux, the reaction mixture was
cooled 15 min at room temperature and 10 min in ice to allow product (3) to crystallize from solution, and vacuum filtered to collect crystals and determine yield. 1H NMR was used determine
purity using the integration ratio of the enone α-proton peaks in 3 and 2, 6.63 ppm (s, 2H) and 6.75 ppm (s, 4H) respectively.
• Instrumentation: All entries were characterized by 1H NMR (300 MHz) to determine purity. For entries 8,9, and 10a, 13C NMR, COSY and HMQC spectra were also obtained. An IR
(transmission) spectrum was obtained for the crystallized product in entry 8, and Microcapillary melting points were determined for crystallized products in entries 8,9a, and 10a.
• Purification: Crude 3 from entries 8, 9a and 10a were recrystallized 1x from methanol to afford yellow needle-like crystals.13
• Aromatization: To aromatize 3 we followed the outlined procedure by Endo and colleagues.20 In 8 mL ethanol, 1.56g 3 was dissolved with 2 drops 3M NaOH, resulting in a dark brown
solution, which was stirred 30 min, followed by adding 16 mL water.20 The solution immediately became grayish white and viscous. Solution was vacuum filtered for 45 min and dried 7d to
afford a grayish white powder which was characterized by 1H NMR.
• 1H NMR spectral data for the aromatized 3: (CDCl3, 300 MHz), δ 0.83 (d, 3H), 1.03 (d, 3H), 1.12-1.25 (m, 3H), 1.59 (s, 1H), 1.63-1.71 (m,1H), 1.88 (d,3H), 2.17, 3.90 (d,1H), 4.17 (d,1H), 4.34
(s, 2H), 5.91-5.93 (d, 2H), 6.42 (s, 2H), 6.59 (s, 2H)
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